Climate models robustly simulate weakened mean circulations of the tropical atmosphere in direct response to increased carbon dioxide (CO 2 ). The direct response to CO 2 , defined by the response to radiative forcing in the absence of changes in sea surface temperature, affects tropical precipitation and tropical cyclone genesis, and these changes have been tied to the weakening of the mean tropical circulation. The mechanism underlying this direct CO 2 -forced circulation change has not been elucidated. Here, I demonstrate that this circulation weakening results from spatial structure in CO 2 's radiative forcing. In regions of ascending circulation, such as the intertropical convergence zone, the CO 2 radiative forcing is reduced, or "masked," by deep-convective clouds and high humidity; in subsiding regions, such as the subtropics, the CO 2 radiative forcing is larger because the atmosphere is drier and deep-convective clouds are infrequent. The spatial structure of the radiative forcing reduces the need for the atmosphere to transport energy. This, in turn, weakens the mass overturning of the tropical circulation. The previously unidentified mechanism is demonstrated in a hierarchy of atmospheric general circulation model simulations with altered radiative transfer to suppress the cloud masking of the radiative forcing. The mechanism depends on the climatological distribution of clouds and humidity, rather than uncertain changes in these quantities. Masked radiative forcing thereby offers an explanation for the robustness of the direct circulation weakening under increased CO 2 .
M
any climate changes, such as the concentration of water vapor in the atmosphere, occur in proportion to the amount of surface temperature change. Changes that occur as a direct response to radiative forcing agents, independent of surface temperature changes, are important in determining the response of global-mean precipitation (1, 2) , tropospheric clouds (3, 4) , tropical cyclone genesis (5) (6) (7) , and tropical atmospheric circulation and precipitation (8) to increased CO 2 concentration. The direct response of the atmosphere to CO 2 remains under solar radiation management geoengineering schemes because the direct response is not removed even if the surface temperature is returned to that of an unperturbed climate.
The mean circulation of the tropical atmosphere is projected to weaken in general circulation model (GCM) simulations of future climate change (8, 9) . Fig. 1 shows the 100-y pressure velocity response to abruptly quadrupled CO 2 concentration in a coupled ocean-atmosphere GCM simulation is a ∼15% weakening, whereas a ∼2.5% weakening occurs in corresponding atmospheric GCM simulations with sea surface temperature (SST) held fixed (Fig.  1D) . Therefore, about 15% of the century-scale weakening is a direct response to CO 2 in this GCM, and the spatial distribution of the changes is also similar, apart from the circulation response over tropical land regions (Table S1 ). The transient land-sea circulation response has been argued to arise from transient increases in near-surface equivalent potential temperature gradients, which are offset in the long-term response as the ocean gradually warms (10) . Consistent with the strengthened land-sea circulation, the direct circulation weakening has a larger expression in the zonalmean Hadley circulation (Fig. S1 ) than in measures that depend on zonally asymmetric tropical circulations (Table S1 ). This GCM's direct response of the annual-mean Hadley circulation CO 2 is of the same order as the temperature-dependent response, although changes differ between the hemispheres (Fig. S1) .
Although the direct circulation change does not dominate the long-term response in these simulations, recent research has connected temperature-dependent circulation changes to the spatial structure of radiative feedbacks (11) (12) (13) . As these feedbacks are uncertain, the partition between the long-term response and the direct circulation response is model dependent. The robustness of the direct circulation weakening across climate models (8) , together with the dominance of the direct circulation response in determining global tropical cyclone frequency in high-resolution simulations (7), calls for the physical mechanism underlying the direct circulation response to CO 2 be elucidated.
Previous discussions of the direct-CO 2 forced weakening of tropical circulations have focused on the dry thermodynamic budget of the atmosphere. Increased CO 2 warms the upper troposphere more than the lower troposphere in fixed-SST simulations, which increases the dry static stability and tends to weaken the circulation (8) . Increased CO 2 also weakens the radiative cooling in subsiding regions, which tends to reduce the magnitude of subsidence needed for adiabatic warming to balance the radiative cooling (7) . A known difficulty with dry thermodynamic arguments for circulation changes is that latent heating is an important component of the budget with regional structure in its response to climate changes, and this structure depends on the circulation (14, 15) . Similar difficulties occur if changes in the water vapor budget are invoked to explain local circulation changes (16, 17) . Finally, the direct CO 2 response-as defined by simulations with unchanged SST-precludes arguments for tropical circulation changes based on the SST distribution.
Significance
The response of the atmospheric circulation to anthropogenic carbon dioxide changes has consequences for socially important aspects of climate, including rainfall and hurricane development. A substantial body of literature relates circulation weakening to temperature changes; however, it has been recently discovered that there is also a direct weakening of tropical overturning circulations from increased carbon dioxide concentration, which are independent of temperature changes. However, the cause of this direct slowing of the circulation has not been revealed. Here, I introduce a physical mechanism for the direct circulation weakening that accounts for its ubiquity across climate simulations. The previously unidentified mechanism is demonstrated across a hierarchy of atmospheric simulations including those used in the United Nations Intergovernmental Panel on Climate Change.
Here, I consider the moist energetics of tropical circulations (18) (19) (20) . The energy transport by the atmosphere and ocean balances the spatial gradients in the top-of-atmosphere (TOA) net radiation: the radiation surplus in the tropics in the climatology is balanced by energy transport to higher latitudes where there is a radiation deficit (21) . The mean circulation of the tropical atmosphere is generally energetically direct (19) . Thus, regions of net energy gain by the atmospheric column are regions of climatological ascent, with the circulation exporting energy, and regions of net energy loss by the atmospheric column are regions of climatological subsidence, with the circulation importing energy. Moist energetics directly relate the overturning circulation to the energy sources and sinks of the atmosphere: radiation and turbulent surface fluxes. In contrast to the dry thermodynamic budget, latent heat release does not explicitly affect the energy transport, as it is a conversion from one form of energy to another. The moist energetics constrain the magnitude of circulation energy transport, although the mass transport additionally depends on the efficiency with which the overturning circulation transports energy (18, 20, 22, 23) .
The TOA radiative forcing F of CO 2 perturbs the TOA net radiation. The direct change in the overturning mass flux under CO 2 radiative forcing is then related to the spatial variations of the radiative forcing F ′ that induce changes in energy transport (where F ′ is the deviation of the forcing from spatially uniform, as a uniform forcing does not change the atmospheric energy transport). Under a 4 × CO 2 scenario, the expectation is that a ∼2 W·m −2 spatial variation in forcing (24, 25) opposing the ∼75 W·m −2 climatological net radiation variation across tropical latitudes (21) will lead to a ∼3% reduction in the energy and mass transport. This estimate is consistent with the magnitude of the direct weakening in the simulations of the fifth phase of the Coupled Model Intercomparison Project (CMIP5) (8) .
The CO 2 radiative forcing has spatial structure that arises from (i) the climatological temperature distribution (larger forcing for higher T and greater lapse rate) and (ii) the masking effect of high clouds and water vapor (24, 25) . Masking occurs in regions of high clouds and large upper-tropospheric humidity because these are effective long-wave absorbers, so additional CO 2 absorption below cloud top or below a moist upper troposphere has a limited impact on the outgoing longwave radiation. Shallow clouds are not effective at masking because the cloud top temperature from which they reemit long-wave radiation is close to the surface temperature. For Earth's climate, the radiative forcing's spatial structure is manifest on both the planetary scale, over which the mean temperature and its vertical structure varies from equator to pole, and within the tropics, where climatologically moist regions with frequent deep-convective clouds are distinct from climatological dry regions with infrequent deep-convective clouds. This spatial structure of the radiative forcing (red line in Fig. 2 ) and its connection to the climatological cloud distribution is illustrated in Fig. 2 . The spatial structure of the radiative forcing on the planetary scale tends to increase the atmospheric energy transport (26) ; in isolation, this would increase the tropical circulation energy and mass transport. In contrast, the cloud and water vapor masking within the tropics tends to reduce the atmospheric energy transport; this decreases the tropical circulation's energy and mass transport (Fig. 2) . Because the spatial structure of CO 2 's radiative forcing arises from the connection between the climatological circulation and clouds and humidity, it can act to oppose both the zonally symmetric Hadley circulation and zonally asymmetric circulations like the Walker Results Fig. 1 shows the results of atmospheric GCM simulations in which the dependence of the radiative transfer on clouds is deactivated (bottom row). When the radiative effect of clouds is deactivated in the GCM's radiative transfer calculation, the climatological circulation is altered (Fig. 1E) , as is expected because the radiative energy sources and sinks to the atmospheric column differ (27) . Deactivating the radiative effect of clouds reduces the spatial variation in CO 2 radiative forcing and, although there are regional circulation changes, the tropical-mean circulation weakening is eliminated (Fig. 1F) . In simulations with the prescribed SST from observations rather than the coupled GCM, there is a larger direct CO 2 weakening (∼4%) and deactivating cloud radiative effects reduces the direct circulation weakening to ∼1.5%, with the remainder of the direct weakening associated with water vapor masking (Fig. S2) . Thus, both clouds and water vapor can contribute to the spatial structure of the radiative forcing and their climatological distributions (perturbed here through changing the SST distribution) influence the magnitude of the direct response of the circulation to CO 2 .
To demonstrate that the masked CO 2 radiative forcing mechanism operates independent of the surface boundary conditions, idealized aquaplanet GCM simulations are presented. When an upper-tropospheric cloud is prescribed in the deep tropics in the idealized GCM, there is a ∼1.8% weakening of the overturning circulation in the region with the cloud (Fig. 3A) . This is consistent with the results of CMIP5 simulations, which feature a direct CO 2 weakening of the tropical circulation in simulations with both aquaplanet and comprehensive lower boundary conditions (8) . With clear-sky radiative transfer, the direct circulation change in the deep tropics is near zero in the lower troposphere and is a strengthening in the upper troposphere (Fig. 3C) . In regions away from the prescribed cloud, the circulation change is similar between the two simulations ( Fig. 3 A and C) . As the essence of the mechanism introduced here depends on the radiative effect of climatological clouds and water vapor, I perform radiative convective equilibrium (RCE) simulations using the aquaplanet GCM (Fig. 3B) . The vertically integrated RCE potential temperature is then used to drive a theoretical, single-layer model that represents the upper-tropospheric, poleward branch of the Hadley circulation (28) . The single-layer model simulations presented here do not include a representation of momentum transport by extratropical eddies; thus, they simulate the classical angular momentum-conserving Hadley circulation (18) where the circulation strength is determined by energy transport requirements. This combination of simplified simulations allows the cloud and water vapor masking mechanism to be demonstrated in a setting where the processes essential to it are included, while some of the complexity of GCMs is removed. When the tropical cloud is prescribed and CO 2 is quadrupled, there is a relative minimum in the change in RCE potential temperature from the cloud masking of the CO 2 (Fig. 3B , blue line) and this drives a ∼1.6% weakening of the meridional velocity in the single-layer model (Fig. 3D, blue lines) . In contrast, the vertically integrated RCE potential temperature has an approximately uniform increase in the tropics when no cloud is prescribed (Fig. 3B, black line) , and there is a concomitantly small change in the meridional velocity in the single-layer model of the Hadley circulation (Fig. 3D, black lines) .
Discussion
The direct weakening of tropical circulations in response increased CO 2 concentration results from cloud and water vapor masking of its radiative forcing. The climatological regions of frequent deep convection, with associated high upper-tropospheric humidity and cloudiness, form the ascending regions of the overturning tropical circulation and have weaker radiative forcing than the subsiding branches of the circulation (Fig. 2) . The spatial structure of CO 2 radiative forcing offsets the climatological gradients in energy sources to the atmosphere (e.g., the meridional solar radiation gradient), which reduces the need for the atmosphere to transport energy. The mass circulation then weakens to achieve the reduction in energy transport.
I demonstrated this previously unidentified mechanism in a hierarchy of GCM simulations. As it depends on the masking associated with the presence of high clouds, the radiative transfer calculation was altered to remove the effect of these on the radiative forcing. When the radiative forcing is made more spatially uniform, the magnitude of the direct CO 2 weakening of the tropical circulations decreases or can be eliminated entirely ( Fig.  1 E and F) . This mechanism does not depend on the presence of land-sea contrasts at the surface, and there is consistent behavior across the idealized aquaplanet and comprehensive GCM simulations (Figs. 1 and 3) . A theoretical model of the Hadley circulation driven by RCE potential temperature further establishes the mechanism in a minimal framework (Fig. 3) .
The fundamental features of the climatological cloud and water vapor distribution and their connection to the mean tropical circulation are present in all comprehensive climate models; together with the well-known physics of radiative transfer, the mechanism exposes the reason that the direct circulation weakening is robustly simulated-it does not depend on uncertain aspects of climate models. This mechanism is complementary to and distinct from research that connects the spatially varying radiative feedbacks, which do depend on uncertain aspects of climate model formulation, and tropical circulation changes (11) (12) (13) .
Because the masked radiative forcing mechanism introduced here results from the dependence of CO 2 's radiative forcing on the climatology of clouds and humidity, GCM behavior can be constrained using observations. For example, if a GCM has a bias in its climatological cloud distribution such that its radiative forcing has stronger gradients than the forcing computed using Earth's observed distribution, it may have an exaggerated direct weakening of the circulation. Comparison of the spatial structure of the radiative forcing of CO 2 to other radiative forcing agents, such as solar and volcanic forcing, is a promising avenue for interpreting differences in the strength of tropical circulation changes (29) and constraining circulation changes under geoengineering schemes.
Materials and Methods
Comprehensive GCM Simulations. The Geophysical Fluid Dynamics Laboratory's (GFDL) ESM2M is a coupled ocean-atmosphere GCM capable of interactive carbon cycle simulations (30) . The CMIP5 simulations shown in Fig.  1 use the prescribed CO 2 concentration preindustrial and abrupt 4 × CO 2 scenarios. The results of these simulations were obtained from GFDL's Data Portal, data1.gfdl.noaa.gov/. Fig. 1 shows 40-y time means taken from the end of the preindustrial simulation and from years 81-120 in the abrupt 4 × CO 2 simulation.
The GFDL's AM2.1 is a comprehensive atmospheric GCM (31), which is the atmospheric component of ESM2M (30) . The AM2.1 simulations presented here use the climatological SST and sea ice concentration from the ESM2M SST climatology. A corresponding set of AM2.1 simulations using the 1981-2005 climatology from the Hadley Centre HadISST dataset (32) are shown in Fig. S2 . The 1 × CO 2 simulation uses preindustrial concentrations of greenhouse gases and other radiative forcing agents, and only the CO 2 concentration is changed in the 4 × CO 2 simulation. All AM2.1 simulation results are 40-y time means following a 20-y spin-up period.
In the clear-sky radiative transfer simulations, the prognostic cloud variables are set to zero for the radiative transfer calculation, so the radiative temperature tendency is that of clear-sky conditions. This methodology has been used to examine the dependence of the climatological tropical (27) and extratropical (33) circulation on cloud radiative effects. The sole modification to the hydrological cycle of the GCM is to omit clouds from the radiative transfer calculation; all other diabatic processes, such as the latent heat release of condensation, are unchanged.
The strength of the tropical overturning circulations is assessed using the difference between the time-mean (indicated by · ) subsiding and ascending pressure velocity, I = ω ↓ − ω ↑ , averaged from −30°to 30°at the 500-hPa pressure level, following the analysis of CMIP5 simulations presented in Bony et al. (8) .
Idealized Simulations. The idealized moist GCM follows Merlis et al. (20) : it has an interactive hydrological cycle with a simplified quasiequilibrium convection scheme (34) and a comprehensive clear-sky radiative transfer with a prescribed cloud distribution. The idealized simulations use the aquaplanet "Qobs" surface temperature distribution (35) . The simulations presented here use perpetual annual-mean insolation, and similar results are obtained using perpetual equinox insolation. The 1 × CO 2 concentration is 300 ppm, the 4 × CO 2 concentration is 1,200 ppm. Other parameters follow Merlis et al. (20) , except the surface albedo is 0.2 and the prescribed cloud distribution.
The prescribed cloud distribution is a time independent and zonally symmetric in the upper troposphere of the deep tropics designed to mimic the aspects of deep-convective clouds that are relevant to masking CO 2 's radiative forcing. The cloud ice concentration and cloud fraction have the same structure: cld ice ðσ, ϕÞ = C 0 expð−ϕ 2 =ϕ 2 w ÞΩðσÞ and cld frac ðσ, ϕÞ = F 0 expð−ϕ 2 =ϕ 2 w ÞΩðσÞ, with latitude ϕ and the GCM vertical coordinate σ = p=p s . The cloud variables decay meridionally with a half-width of ϕ w = 6°a nd are set to zero poleward of 30°. The vertical structure function ΩðσÞ is a half sine between σ = 0.15 and σ = 0.45 with maximum amplitude unity. The maximum cloud ice concentration and cloud fraction are C 0 = 1.0 × 10 −5 and F 0 = 0.1, respectively. There is no cloud liquid water prescribed. The maximum cloud fraction is low to compensate for the lack of temporal variability in the cloud fields. The idealized GCM simulation results are 40-y time means following a 20-y spin-up period.
The idealized GCM's representation of the physical processes with the same boundary conditions and parameters are used to simulate states of RCE (36) . The RCE results are 7.5-y means following a 300-d spin-up period. In addition, clear-sky (C 0 = F 0 = 0) RCE simulations are performed. The RCE potential temperature is vertically integrated from the surface to σ = 0.1, above which the increase in CO 2 leads to stratospheric cooling, and this is used as the equilibrium potential temperature in the single-layer model of the Hadley circulation's Newtonian relaxation formulation (28) . Integrating the RCE potential temperature over the entire atmospheric column does not change the sensitivity of the single-layer model to increased CO 2 . The singlelayer model parameters are the same as in Sobel and Schneider (28) , except the eddy velocity is set to zero to simulate the energetically controlled circulation regime.
